Abstract. Pi2s are a
Introduction
Impulsive Ultra Low Frequency (ULF) waves have been closely associated with the onset and development of magnetic storms and substorms for over 40 years (Jacobs et al., 1964) . Historically, impulsive ULF waves known as Pi2s, with periods of 40-150 s, have traditionally been used as indicators of substorm onset (e.g., Nose et al., 1998; Saito, 1969; Saito et al., 1976) . In this paper we concentrate on the potential process or processes driving impulsive Pi2 ULF waves during substorms, a topic which is still being debated (e.g., Chi et al., 2001; Kepko and Kivelson, 1999; Keiling et al., 2006; Rae et al., 2006; Uozumi et al., 2000) . In general it is believed that Pi2s are related to a disturbance in the near-Earth plasmasheet which subsequently leads to the formation of the substorm current wedge (SCW) (McPherron, 1979) . The initial plasmasheet disturbance generates a fieldaligned current (FAC) system which closes in the ionosphere and enables substorm dipolarisation through the diversion of the cross-tail current system, established by the reflection of Alfvén waves from the ionosphere. These waves are seen as Pi2 waveforms superposed on magnetic bays observed on the ground (e.g., Olson, 1999, and references therein) . A compressional disturbance may also propagate away from the source in the magnetotail and generate Pi2 phenomena in the ionosphere. These may include contributions to Pi2s in the form of field line resonances on the flanks, plasmaspheric cavity modes, as well as a contribution from the initial formation of the SCW (see e.g., Olson, 1999 , and references therein).
The ULF waves responsible for the generation of the SCW FAC system are believed to be the dominant source of Pi2s observed at mid-to high-latitude magnetometer stations. In this scenario the initial FAC is established by an Alfvén wave which propagates to the ionosphere, and is reflected, perhaps multiple times. The observed ground-based magnetic perturbations are referred to as transient response (TR) Pi2s (Olson, Published by Copernicus Publications on behalf of the European Geosciences Union. 494 K. R. Murphy et al.: Dependence of Pi2 waveforms on periodic velocity enhancements 1999). If the plasmasheet disturbance is large enough, the existing cross-tail current is diverted along field lines into the ionosphere, and subsequently the SCW is observed as a large-scale night-side current system. Any impedance mismatch between the ionosphere and the current carrying Alfvén wave may then cause a partial reflection to occur, with the wave bouncing along field lines between the ionosphere and plasmasheet leading to the characteristic periodic and decaying structure of the Pi2 (Olson, 1999) . However, Kepko et al. (2001) suggested that during periods of quiet geomagnetic activity the night-side ionospheric conductivity may be sufficiently low that any impedance mismatch between the ionosphere and Alfvén wave is negligible and produces little reflected ULF signal. Therefore during quiet periods the TR model could fail to adequately explain the characteristics of the observed Pi2 wavetrains.
The compressional, or fast-mode, wave produced by a substorm-related plasmasheet disturbance can travel almost isotropically. The compressional mode can couple to the plasmasphere forming a plasmaspheric cavity mode (e.g., Sutcliffe and Yumoto, 1991; Yeoman and Orr, 1989) , or to an Alfvénic mode driving a field line resonance (e.g., Rae et al., 2006) . The fast-mode wave is also believed to be the main source of Pi2s at higher latitudes when the TR mechanism is circumvented and the initial Alfvén wave does not strongly reflect at the ionosphere (Kepko et al., 2001) . Uozumi et al. (2000) , and Chi et al. (2001) proposed that the latitudinal amplitude and phase structure of Pi2s can be characterised by the flight path of a compressional disturbance in the equatorial plane of the magnetotail and an Alfvénic disturbance along the background magnetic field lines (cf. Tamao, 1964) . Finally, Kepko and Kivelson (1999) suggested that Pi2s may be directly-driven by the deceleration of large amplitude earthward plasma flows, whilst Keiling et al. (2006 Keiling et al. ( , 2008 proposed that high-latitude Pi2 signals may directly represent the signatures of transient magnetotail reconnection, as well as a number of other Pi2 waveforms observed on the ground. Resolving the generation mechanism, or mechanisms, responsible for the generation of ground Pi2 signals is therefore of importance to fully understanding the magnetotail drivers of ground-based signatures.
Plasma flows in the central plasmasheet (CPS) due to steady convection typically have velocities of approximately 30 km s −1 . However, high-speed flows are often observed with velocities approximately an order of magnitude larger than the typical plasmasheet velocity. These high-speed earthward flows are termed bursty bulk flows (BBFs) have typical velocities larger than ∼400 km s −1 , and a duration of ∼10 min (Angelopoulos et al., 1992) . During these events short-lived, quasi-periodic, large amplitude peaks in plasma velocity can occur within a specific BBF, which are referred to as flow bursts (FBs) (Angelopoulos et al., 1994) . BBFs are often observed as far as ∼30 R E down-tail and are rarely observed closer then ∼10 R E (e.g., Angelopoulos et al., 1992; Baumjohann et al., 1990) . This is believed to be evidence of flow braking in the inner magnetosphere due to an increase in magnetic pressure caused by the increase in the strength of the Earth's magnetic field as flows propagate toward the Earth (e.g., Haerendel, 1992; Shiokawa et al., 1997) . Kepko and Kivelson (1999; also see Kepko et al., 2001 ) have suggested that high-speed earthward plasma flows may rapidly decelerate in the dipolar region of the Earth's magnetosphere and that the deceleration of temporal variations in the flow velocity are responsible for directly driving the Pi2 waveforms observed on the ground. By comparison of timeshifted FB earth-ward velocity time-series and Pi2 waveforms, Kepko and Kivelson (1999) and Kepko et al. (2001) suggested that for some substorm events the structure of ground-based Pi2 waveforms occurs as a direct consequence of each FB within a particular BBF. Specifically these authors suggested that additional FACs were induced inside the SCW region when BBFs are decelerated in the inner magnetosphere. This is termed the inertial current (IC) Pi2, and is hypothesised to be a small amplitude Pi2 waveform superposed onto the existing TR Pi2s and SCW. Further, these authors suggested that the deceleration of BBFs could additionally launch a fast-mode wave which perturbs magnetic field lines and directly drives Pi2s on the flanks and at lower latitudes, outside the SCW region.
We investigate the relationship between BBFs and Pi2 oscillations in the night-side magnetosphere by selecting a small night-side event during which plasma flows are observed in the magnetotail by the Geotail spacecraft when it is conjugate with the Canadian sector. A small localised ionospheric current system and magnetic bays are observed on the ground, which are consistent with a small substorm or pseudo-breakup. The Pi2 waveforms and BBF structure are shown to be remarkably similar; however, the ground signature is shown to occur prior to flow signatures in the CPS. We postulate that both signatures may be driven by the same source, which could allow for ground-based Pi2s to be observed prior to the BBF if magnetospheric conditions are favourable. Such a model is consistent with both the observations presented herein, and may also be consistent with those presented by Kepko and Kivelson (1999) and Kepko et al. (2001) as we discuss in this manuscript.
Case study: 31 May 1998

In-situ observations
In order to determine the relation between BBFs observed in the magnetotail and Pi2 oscillations on the ground we examined a conjunction between the Geotail satellite (Frank et al., 1994; Kokubun et al., 1994; Mukai et al., 1994) and the Canadian Array for Realtime Investigation of Magnetic Activity magnetometer array (Mann et al., 2008) On 31 May 1998, a conjunction between the Geotail satellite and CARISMA occurred between 04:00 and 08:00 UT during which a small amplitude and localised night-side event was observed. The time propagated solar wind speed and proton number density during this conjunction, observed by WIND at 225 R E upstream, were 517 km s −1 and 1.8 n/cc, respectively, while B z was southward and B y was predominantly positive. During the conjunction the Geotail satellite was situated in the night-side CPS, and observed a short duration BBF during this conjunction. The top panel of Fig. 1 shows the northern magnetic footprint (obtained using Tsyganenko 89c external and IGRF internal geomagnetic fields (Tsyganenko, 1989) , using the observed Kp = 1) of Geotail and the GOES-8, GOES-9 and GOES-10 satellites along with the location of CARISMA and the lower latitude Los Alamos (LNL) magnetometers (see also Table 1 ). The middle and bottom panels show the location of Geotail in the GSM x-y and x-z planes, respectively. During the conjunction between Geotail and CARISMA, a BBF was observed between 05:49-05:55 UT which contained four FB peaks. For the duration of the flow, Geotail was positioned at (X GSM , Y GSM , Z GSM ) = (−12.2, 3.3, 1.8) R E . The criterion that the ion-plasma beta be greater than 0.5 (Angelopoulos et al., 1992 (Angelopoulos et al., , 1994 , and references therein) is generally taken to indicate the spacecraft is situated within the CPS. Figure 2a confirms that Geotail is located in a region of hot plasma characteristic of the CPS for the duration of the interval as the derived ion-plasma beta lies well above the 0.5 threshold. The plasma beta was derived from measurements provided by the Comprehensive Plasma Instrument (CPI) at 64 s cadence (Frank et al., 1994) and the Geotail Magnetic Field Experiment (MGF) at 3 s cadence (Kokubun et al., 1994) down-sampled to match the cadence of the CPI instrument onboard the Geotail spacecraft.
Following the onset of the BBF, Geotail observes a dipolarisation of the GSM magnetic field evident in the increase of the ratio of the magnitude of B z to the magnitude of the vector sum B x and B y (Fig. 2b left-hand y-axis) and the zcomponent of the magnetic field (Fig. 2c , down-sampled to 64 s to match the cadence of the estimated plasma beta). The dipolarisation, observed at ∼05:49:30 UT, is characteristic of the relaxation of the magnetotail to a lower energy state during substorms, and is consistent with previous observations of BBFs during substorms (e.g., Angelopoulos et al., 1992) . Note that during the interval of the BBF and FBs (05:49-05:55 UT) no clear Pi2 pulsations were observed in the GSM magnetic field at Geotail (Fig. 2c) corresponding to the waveform observed in the FBs. Panels (d) and (e) of Fig. 2 show the observed GSM plasma velocity at Geotail from the Low-Energy Particle (LEP) instrument at a 12 s cadence (Mukai et al., 1994) and the derived plasma velocity in field-aligned (FA) coordinates, respectively. The FA coordinate system is derived from a 20 min running mean of the GSM magnetic field. In the FA coordinate system the direction perpendicular to the background field and directed toward the earth is denoted by x FA , z FA is aligned along the field and y FA completes the right handed coordinate system (see also Rae et al., 2005) . Clearly evident between 0549 UT and 0555 UT is a strong, ∼400 km s −1 , earthward component of the perpendicular plasma velocity (hereafter referred to as v ⊥x ), corresponding to a strong earthward BBF. During this interval four FB peaks are observed within the v ⊥x component of the BBF, with a temporal spacing on the order of one to two minutes in the Pi2 period band and with velocity peaks between 400 and 500 km s −1 . A detailed analysis of the 2-D ion distribution functions from the LEP Editor-B data (not shown) verifies that the plasma flow, BBF and FBs, observed at Geotail was indeed a bulk plasma flow perpendicular to the background field and not a field-aligned plasma beam (e.g., Raj et al., 2002) . This further confirms that Geotail was likely situated in the CPS. Also apparent in Fig. 2 panel (d) is a large amplitude plasma flow (∼250 km s −1 ) in the y GSM direction at approximately 05:40 UT. Note however, that when transformed into FA coordinates (Fig. 2e ) this initial flow is predominantly directed anti-parallel to the background magnetic field (z FA ), has no earthward velocity component (x FA ), and further has no associated dipolarisation or fluctuation of the magnetic field (Fig. 2 panels b and c) . Thus for this particular case study we concentrate on the perpendicular plasma flow v ⊥x used to characterise the BBF which was observed to commence at 05:49 UT.
Figure 2 panels (f)-(h) show the magnitude of the magnetic field and angle of inclination (the angle between the zaxis and magnetic field vector) observed at the three geosynchronous satellites GOES-8 (GOES-east), GOES-10 (closely conjugate to the ISLL magnetometer) and GOES-9 (GOESwest), respectively. Unlike Geotail the GOES satellites observe no dipolarisation or large amplitude deflection of the magnetic field typically associated with the formation of the SCW. During the conjunction of CARISMA and Geotail and observation of the BBF the observed magnetic field strength at all three geosynchronous satellites is approximately dipolar with magnitudes of ∼106, 85, and 96 nT at GOES-8, GOES-9 and GOES-10 (respectively) and there is no large decrease in the angle of inclination typically associated with a dipolarisation of the Earth's magnetic field. Moreover, similar to the magnetic field at Geotail, the GOES satellites observe little ULF wave activity during the interval of interest. Small amplitude oscillations on the order of half a nT are evident at ∼05:50-05:51 UT at GOES 8 and 9; however, these pulsations occur later than the Pi2 pulsations observed on the ground and are not of the same frequency as the FBs within the BBF and Pi2s observed on the ground.
Ground-based observations
For the duration of the BBF, Geotail's footpoint was slightly to the west of the "Churchill line" of magnetometers (∼265 degrees geographic longitude), and closely conjugate to the GILL and RABB magnetometers at geographic latitudes of 56.38, and 58.22 degrees, respectively ( Fig. 1a and Table 1 ). For brevity, Fig. 3 shows the H-component of the magnetic field at the auroral-and mid-latitude Churchill line magnetometers (FCHU, GILL, ISLL, and PINA) as well as the stations RABB and FSMI and the low-latitude LNL magnetometer at a 5 s cadence. These stations represent those recording the largest magnetic bay structure, and are in closest conjunction with the Geotail satellite during the BBF interval, and so are the stations most likely to observe any IC Pi2 driven by the deceleration of the BBF. The bottom panel of Fig. 3 , (h), displays the v ⊥x plasma flow measured by the LEP instrument at Geotail, the vertical line marks the time of maximum velocity within the initial FB peak.
Large amplitude magnetic deflections are observed at L ≈ 6.5 (GILL, RABB and FSMI), the largest bay being observed at FCHU (∼120 nT). Though FCHU observes the largest Hcomponent magnetic bay structure, the formation of the bay occurs much later than the observed BBF and thus is not considered in the time sequence of events related to the generation of Pi2's examined in the remainder of this manuscript. Conversely, the magnetic bays observed at GILL, RABB and FSMI begin to form at about ∼05:45 UT, evident in the weak deflection of the H-component of the magnetic field, which begins approximately 4 min before the BBF is observed at Geotail. Any transient response (TR) Pi2 pulsations which might be associated with establishing the ionospheric currents responsible for the bays should be observed to begin during this initial deflection. However, the Pi2 wavepackets on the ground analysed herein are observed subsequent to the initial magnetic field deflection and nearly coincident in time with the BBF which is observed at ∼05:49 UT. As noted above, neither GOES-8, GOES-9 or GOES-10 observe any dipolarisation of the Earth's magnetic field typically resulting from the formation of a substorm current wedge and the onset of TR Pi2s, Fig. 2 panels (f)-(h). Hence, the Pi2s observed by the CARISMA and LNL magnetometers are unlikely to be TR Pi2 pulsations. This also suggests that the GILL, RABB and FSMI magnetometers map to a distance further away from the Earth than their nominal geosynchronous Lvalues (cf. Table 1) .
Qualitatively, the vertical line in Fig. 3 guides the eye providing a method for visually estimating whether the Pi2 pulsations on the ground or the FBs in the CPS are observed first. At both the RABB and FSMI magnetometer stations it is clear that the impulsive Pi2 wavepacket occurs prior to the initial FB peak. However, at the other magnetometer stations it is more difficult to determine whether Pi2 pulsations on the ground or FBs in the CPS are observed first. For instance, at the ISLL and GILL magnetometers the deflection of the background magnetic field during the time of the BBF makes it difficult to visually identify the initial Pi2 impulse. Similarly, at LNL the relatively small amplitude of the Pi2 wavepacket also makes it difficult to isolate the start of the wavepacket from other oscillations. The following section presents a quantitative analysis of the relative timing between Pi2 pulsations observed on the ground and in the FBs in CPS to conclusively determine whether Pi2 pulsations on the ground or FBs in the CPS are observed first. Figure 3 clearly illustrates the onset of ground-based Pi2 pulsations closely coincident in time with the BBF observed by Geotail. However, to determine whether the BBF and Pi2 pulsations are in fact directly related (Kepko and Kivelson, 1999) we construct a series of tests to establish whether the BBF can directly be responsible for the Pi2 oscillations on the ground, establishing whether the Pi2 waveform is observed first in the BBF in the CPS and subsequently on the ground. By comparing the normalized dynamic power spectrum from the magnetometer stations to that of v ⊥x we can determine whether Pi2 oscillations are observed first on the ground or in the magnetotail.
Temporal causality of the Pi2-BBF waveforms
The dynamic power spectrum for both the magnetometers and the LEP v ⊥x plasma flow is determined for the entire day using a 10 min raw time-series hanning windowed (∼twice the temporal length of the BBF) with a 1 min step size (approximately the time spacing of individual FBs) The CARISMA and LNL H-component and LEP v ⊥x normalised dynamic power spectra are shown in Fig. 4a from 05:30-06:15 UT. Note that each spectrum in the dynamic power spectra is time tagged with the middle time from the 10 min window used to calculate that particular spectrum.
Apparent in the LEP dynamic power spectra (bottom panel Fig. 4a ) is a clear enhancement of Pi2 power between ∼05:46-05:47 UT in the 11-17 mHz range, highlighted by the black box, characterising the frequency content of FBs within the BBF. Similarly, the ground-based magnetometers each show an enhancement of Pi2 wave power in the 11-17 mHz range as early as ∼05:44 UT. Though both the ground-based magnetometer and LEP dynamic power spectra show a common enhancement of Pi2 wave power, to within ∼2 min of each other, accurately determining whether this enhancement is in actuality observed first on the ground or in the CPS from the individual dynamic power spectra is difficult. However, by differencing the ground-based magnetometer dynamic power spectra and the Geotail LEP v ⊥x spectra, we can determine whether Pi2 structures in the LEP FB v ⊥x proceed or lag the Pi2 oscillations observed on the ground in a consistent and accurate manner. Figure 4b shows the normalized dynamic power spectrum of the v ⊥x plasma subtracted from the normalized dynamic power spectrum from each magnetometer, the resulting differenced power is plotted which we term a "dynamic difference power spectrum". If the BBF precedes (follows) the Pi2 we expect in each difference plot to first observe a minimum (maximum) in the spectra depicted by a blue (red) colour corresponding to a time where the BBF (ground Pi2) power dominates, followed by a maximum (minimum) shown in red (blue) where ground Pi2 (BBF) power dominates. Figure 4b shows the "dynamic difference power spectra" for the CARISMA (GILL, ISLL, PINA, RABB and FSMI) and LNL magnetometers between 05:30-06:15 UT. Note that in the relevant frequency range of study (11-17 mHz, black box) power is observed first at the magnetometer stations (GILL, ISLL, PINA, RABB, FSMI and LNL -red), and only later does power from the BBF, v ⊥x , observed at Geotail dominate (blue). Consequently the data show that Pi2 power is seen on the ground in advance of being seen in the earthward plasma flow in the CPS at Geotail.
Additionally, we quantify the temporal causality between the BBF and Pi2 wavetrain via a lagged correlation and impulse response analysis, discussed below. Note however, these methods require the LEP v ⊥x and ground-based magnetometer time-series to be narrow band filtered which may potentially introduce artificial signal and Gibbs effect phenomena to the time-series (Gibbs, 1898 (Gibbs, , 1899 . In the following paragraphs we validate the use of a narrow band filter to isolate the Pi2 pulsations in both the ground-based magnetometer and LEP v ⊥x time-series which are subsequently used for both a lagged correlation and impulse response analysis presented in the latter half of this section. Figure 5 panels (a) and (e), illustrate the raw magnetometer time-series (black) from GILL and ISLL, respectively, and the LEP v ⊥x plasma flow time-series (grey) time-shifted backward 36s, which is the time of maximum correlation between the ground-based Pi2 pulsation and BBF (cf. Fig. 6 and Table 2 ). Note that the backward shift of the BBF suggests that Pi2 pulsations are observed first on the ground and then in the CPS (also observed in the dynamic difference power spectra cf. Fig. 4 ). Behrens and Glassmeier (1986) have suggested that TR Pi2 pulsations associated with the onset of magnetic substorms are a convolution of a driver function (the formation of the substorm bay) and a transfer function (the Pi2 pulsation) and that the deconvolution of the two signals is a more accurate method to separate the background signal from the Pi2 wavepacket than narrow band filtering. However it is clearly apparent in panels (a) and (e) of Fig. 5 that the time of maximum correlation between the BBF and Pi2 pulsations occurs subsequent to the initial deflection of the magnetic field at both GILL and ISLL. As discussed in the previous section this is strong evidence that the observed ground-based Pi2 pulsations are not the typical TR Pi2 pulsations related to the formation of the SCW and the initial deflection of the magnetic field. More importantly it suggests that bandpass filtering is adequate to separate the observed Pi2 pulsation from the background magnetic field fluctuations as the two phenomena appear to be decoupled and their onset separated in time in contrast to the results shown in Behrens and Glassmeier (1986) .
Furthermore, spurious oscillations in filtered time-series are in general introduced at sharp discontinuities and at the edges of a signal window. In this particular case study the ground-based Pi2 pulsations are observed to follow the initial (g) show the Pi2 observed at each magnetometer station (grey), and over plotted is the BBF (black), this having been time-shifted such that the correlation between the ground magnetic pulsations and FBs is maximized. Displayed in the upper right corner of panels (b)-(g) is the correlation coefficient squared and the amount the BBF is shifted relative to t 0 , cf., Table 2 , e.g., 0.65, t 0 − 36 s, in the case of the GILL magnetometer. and weak deflection of the magnetic field on the ground and are centred within the time-series being analysed far from the edges of the window. This limits the effect of Gibbs phenomena in our results due to narrow-band filtering. This is demonstrated in Fig. 5 panels (b) -(d) and (f)-(h). Panels (b) and (f) illustrate the Pi2 bandpass filtered (40-150 s) magnetometer (black) and LEP v ⊥ x (grey) time-series' utilising a Lanczos squared finite impulse response zero phase filter used in techniques such as complex demodulation (e.g. Beamish et al., 1979) . Panels (c) and (g) are the same as (b) and (f), however the LEP v ⊥x time-series has been shifted backward 36 s to the time of maximum correlation (see Fig. 6 and Table 2 ). Apparent in panels (b) and (f) is an approximate 180 degree phase shift between the Pi2 pulsations observed on the ground and the FBs. Panels (c) and (f) clearly show the BBF and Pi2 wavepacket are phase matched when the BBF is shifted back in time 36s. Comparing the raw time-series (a) and (e) as well as the Pi2 bandpass signals, panels (b), (c), (f) and (g) in Fig. 5 , it is evident that the BBF is in fact correlated with the Pi2 wavepacket and not artificial oscillations introduced by bandpass filtering.
The bottom panels, (d) and (h), of Fig. 5 further demonstrate the robust nature of the bandpass Lanczos filter utilised in the lagged correlation and impulse response analysis. The black trace is a subtraction of a linear trend (illustrated in panel (a) and (e) by the thick dotted line) from the raw magnetometer data. The solid grey line and dashed grey line are the narrow band filtered ground-based time-series between 40-150 s, the Pi2 waveband, and 55-90 s (∼11-17 mHz) characterising the periodicity of FBs within the BBF respectively (offset for clarity). Apparent in panels (d) and (h) is that no Gibbs phenomena is present when bandpass filtering. Note however, there is a decrease in the Pi2 amplitudes and it is possible to introduce a small phase shift in the bandpassed signal as a result of the width of the filter used . This is typical of any bandpass filtered time-series. Hence the subsequent bandpass filtering of the BBF and Pi2 signals between 55-90 s is adequate for studying the temporal causality of the BBF and Pi2 waveforms shown below.
A lagged correlation analysis between the BBF v ⊥x and the observed ground Pi2 waveforms not only allows for the similarities between the Pi2 waveforms and BBF to be quantified but also provides a quantitative methodology to determine whether Pi2 wave power is observed first in the CPS or on ground. This allows for the causality of the BBF-Pi2 relationship to be directly analysed. It is important to note that when correlating the ground-based Pi2 and BBF signals both the phase and amplitude of the signals contribute to the correlation. In particular, the correlation will be maximised at a lag when the signals are both in phase and have similar amplitude profiles; the lag indicating whether ULF waves are observed first on the ground or a BBF is observed first in the CPS. Figure 6a shows the v ⊥x plasma flow observed at the Geotail satellite filtered between 11-17 mHz (solid) and the raw time-series (dashed). The highlighted area corresponds to the section of the BBF which is used to calculate the correlation between the FBs and Pi2 waveforms. Note that similar to panels (d) and (h) of Fig. 5 , the top panel of Fig. 6 shows no evidence of the Gibbs phenomena in the filtered BBF time-series. Additionally, only a subsection of the BBF time-series is utilised (highlighted in grey) to ensure that only the FB waveforms are correlated with the ground-based magnetometer Pi2 signals. The minimum and maximum lags considered in the analysis correspond to 2 min (10 time steps either way of t 0 , 05:49:12 UT); these lags shift the BBF 2 min backward or forward of t 0 , respectively. Figure 6, panels (b)-(g) show the 11-17 mHz filtered Pi2 observed at each ground station (grey). Over-plotted in black is the BBF v ⊥x time-series, with a lag applied which generates the maximum squared correlation. Table 2 summarises the results of the lagged correlation. A positive lag corresponds to the BBF occurring before the observation of ground Pi2s, and a negative lag implies that the Pi2 is observed before the BBF. Note that the correlations shown in Table 2 and Fig. 6 are the squared correlation coefficients. Apparent in Fig. 6 and Table 2 is that all magnetometer stations except for FSMI exhibit a high correlation with the BBF; however, the largest correlation occurs when the BBF is time-shifted backward (negative lag), suggesting that the BBF and FBs are not directly-driving the Pi2 pulsations observed on the ground. The correlation of the Pi2 pulsations observed in the D-component of the ground magnetic field (not shown) also suggests that the Pi2 pulsations on the ground precede the BBF flow in the CPS. However, the correlations in the D-component are in general smaller than those observed in the H-component. It is interesting to note that the largest lag along the Churchill meridian is observed at the PINA magnetometer station, this is discussed in more detail in the next section.
It is important to note that the correlations we present in Table 2 and Fig. 6 represent the lags corresponding to the maximum correlation between the ground-based magnetometer Pi2 observations and the packet of BBF flow bursts. No visual analysis was used when determining the time shifts or lags. As can be seen in Fig. 3 , for instance, a visual analysis of the BBF FBs and the LNL, RABB and FSMI magnetometer traces (Fig. 3) is perhaps suggestive that the initial FB may line up with the large amplitude Pi2 impulse rather than the small amplitude magnetic deflection identified in the correlation analysis (note, for example, that for GILL, ISLL and PINA the correlation analysis aligns the Pi2 with the initial FB). However, even if we consider the next largest value of the correlation, which occurs when the lag is translated forward by one wave period as might be expected by a visual analysis such that the initial large amplitude impulse at LNL, FSMI and RABB corresponds to the initial FB in the BBF, the resultant lags are 0 s, −24 s and −24 s, respectively. These represent shorter lags, but are still consistent with the ground-based Pi2s being observed before or at least coincident with the BBF in CPS. Finally, the BBF-Pi2 causality may be rigorously tested utilising a lagged regression analysis in Fourier space, also known as an impulse response function (Shumway and Stoffer, 2006) , shown in Eq. (1).
The impulse response function utilises the Fourier spectrum of two signals, x t and y t , to estimate a set of filter coefficients relating the two variables. Specifically, the impulse response method estimates the β s coefficients in Eq. (1), where y t and x t are two discrete signals and v t is a stationary noise process (e.g., a Gaussian distributed random signal), N is the number of points in each time-series, t is the time and s is the lag between the two signals at time t. The filter coefficients β s are estimated from the power spectrum of x and the crosspower of x and y. Details on the estimation and calculation of each β s can be found in Shumway and Stoffer (2006) . There are two important properties of the impulse response function to note: If s is a positive integer, then y t is a function of a series of past values of x t . If s is a negative value, then y can be written in terms of future x-values (or x t is a function of past values of y t ). By convention, y is forced to be a function of the past values of x t by considering only the coefficients of β s where s ≥ 0 and which satisfy the condition:
The second property of the impulse response function is that Eq.
(1) may be reversed and x t may be written as a function of y t . In general one calculates both sets of β s (β s,y(x) and β s,x(y) ) and determines the most likely relation between the observed variables. Ideally, one set of β s will not satisfy Eq. (2) and the correct temporal dependence between x and y may be determined. Alternatively, neither sets of β s could satisfy Eq. (2) suggesting the variables are not causally related and are therefore independent, however similar their time-series appear to be. Finally, both sets of β s can satisfy Eq. (2) implying that there may be additional variables in the system relating x and y which have not been considered. The impulse response function is therefore ideal to test the BBF-Pi2 relation as it directly relates the observed BBF to the Pi2 in a functional form. In our analysis we consider both the scenario where the Pi2 is a function of the BBF as well as the BBF as a function of the ground-based Pi2 pulsations. The first case suggests that the BBF and the Pi2 pulsations are directly related and that the observed Pi2 pulsations may be the IC Pi2 (Kepko et al., 2001 ). The second case suggests that another physical process may exist which modulates both the Pi2 and BBF at the same frequency but also that they are not causally related. Figure 7b shows the filter coefficients when the v ⊥x plasma flow is considered as a possible function of the Pi2 time-series observed at FSMI. Evident in panel (b) is that the coefficients at lags s = 0, 1, 2, 3, and 8 rise above the threshold and satisfy Eq. (2). Figure 7c shows the filter coefficients when the Pi2 observed at FSMI is considered as a function of the v ⊥x plasma flow observed at Geotail. Evident in Fig. 7c is that none of the coefficients satisfy Eq. (2). Table 3 summarises the results from the impulse response function for the Pi2s observed at the five remaining magnetometer stations. These results indicate that the FB in v ⊥x are likely not the cause of the Pi2s observed on the ground (panel c). However, the fact the FB v ⊥x can be written as a lagged function of the FSMI H-component magnetometer data, panel (b) , suggest that the time-series are related, perhaps by a common driver. 
Discussion
In this paper we present results from a night-side conjunction between the Geotail spacecraft and the CARIMSA magnetometer array on 31 May 1998 during the development of a small and localised substorm-like event. Utilising observations of the plasma flow in the CPS from the Geotail-LEP instrument, and Pi2 waveforms from the CARISMA and from LNL magnetometers, we investigate the relationship between quasi-periodic FBs within a BBF and Pi2 waveforms observed on the ground. Typically the dominant Pi2 pulsations on the night-side occur as a result of the formation of the substorm current wedge and the reflection of Alfvén waves from the ionosphere following the initial plasma sheet disturbance during substorm expansion phase onset (Olson, 1999) . These Pi2 pulsations are referred to as transient response (TR) Pi2 pulsations. However, Kepko et al. (2001) have suggested that during periods of quiet geomagnetic activity the conductivity of the ionosphere could be sufficiently low such that there is little reflection of the Alfvén wave responsible for generating Pi2s observed on the ground, and hence that the TR mechanism (Olson, 1999) could be circumvented. During the initial formation of the magnetic bays observed on the ground in this event the Pi2s typically associated with the formation of the SCW are not observed. This suggests that either the TR Pi2s are damped or the TR mechanism is completely circumvented due to low conductivity of the ionosphere as suggested by Kepko et al. (2001) . Following the formation of the initial bays and the intensification of the auroral electrojet, a quasi-periodic high-speed plasma flow as well as a packet of ground Pi2 pulsations are observed closely conjugate in time. Additionally, the geosynchronous magnetic field observed at GOES-8, GOES-9 and GOES-10 (Fig. 2f) is approximately dipolar, with magnitudes of ∼106, 85 and 96 nT (respectively) while the magnetic field at GEOTAIL (at radial distance ∼13 R E ) is highly stretched with a magnitude of ∼10 nT. From this we infer that the flows observed at Geotail have not yet been decelerated as they are observed outside the likely region of flow braking (Shiokawa et al., 1997) .
The impulse response function, "dynamic difference power spectra" and lagged correlation tests provide a framework to determine if there exists a potential causal one-to-one relationship between the observed BBF and ground-based Pi2 pulsations (Kepko and Kivelson, 1999; Kepko et al., 2001) . Figure 4b shows the temporal development of power in the Pi2 frequency range in the ground Pi2s and v ⊥x , and Fig. 6 shows the best lagged correlation between the observed Pi2s and the BBF v ⊥x (summarised in Table 2 ). Table 3 summarises the results from the impulse response analysis between the BBF and Pi2s. Apparent in Fig. 4b is that Pi2 wave power is observed first on the ground and subsequently in the plasma flow at Geotail. Similarly the correlation is maximised at each magnetometer when the BBF is shifted backward in time, and the impulse response function shows that at all stations, except PINA and LNL, that the BBF v ⊥x waveform can be described in terms of the time series data from the ground Pi2s. All of these results are consistent with a scenario where the ground-based Pi2 oscillations precede the FB oscillation observed in the BBF plasma flow by the Geotail satellite. Since the BBF is likely observed outside the region of flow braking and the Pi2 pulsations on the ground are observed in advance of the FBs within the BBF it is unlikely that the observed Pi2 pulsations are the IC Pi2 pulsation described by Kepko et al. (2001) .
However both PINA and LNL show some evidence that their Pi2s can be written as a function of the BBF v ⊥x FB structure. Indeed, the Pi2 at LNL can be described as both the dependent (y t ) and independent (x t ) variable described by Eq. (1), suggesting that the BBF and Pi2 may indeed be related via additional variables not considered in the impulse response analysis. However, the dynamic difference power spectra at both PINA and LNL show the development of Pi2 power prior to the observation of BBF power in the 11-17 mHz band. Similarly, the Pi2 at both LNL and PINA is best correlated with the v ⊥ x plasma flow when v ⊥ x is shifted 60 s and 72 s backward in time, respectively, corresponding to approximately one wave period.
It is clear from the observations and analysis presented here that the frequency, occurrence and structure of the BBF FBs and the Pi2 waveforms observed on the ground are very similar, suggesting that the two phenomena may be intimately connected. Recent work by Kepko and Kivelson (1999) and Kepko et al. (2001) has suggested that BBFs are able to directly-drive IC Pi2 pulsations on the ground. However, this is inconsistent with the observations presented here as the Pi2 pulsations are observed before the BBF (cf., Fig. 4b, 6 , and 7 and Tables 1 and 2 ). Even if we consider the possibility that the BBF can propagate at angle with respect to midnight meridian it still remains unlikely that the directly driven model can account for the observations which we present here. For instance, in this particular case study the observed BBF had a non-zero azimuthal velocity directed toward dusk implying that the BBF might propagate such that its phase fronts are no longer orthogonal to the midnight meridian. If the BBF phase fronts are not orthogonal to the midnight meridian it is possible that the BBF front could run ahead towards the flanks, for instance over the RABB or FSMI magnetometers, generating Pi2s observed prior to the FBs observed by Geotail in the near midnight meridian. However, in order for this to work the BBF front must remain coherent across an azimuthal region extending at least 5.5 R E . Recent work by Nakamura et al. (2004) using Cluster has demonstrated that the azimuthal scale size of a BBF is approximately 1.5-2 R E thus in our opinion it is unlikely that a BBF has the spatial coherency required in a directly driven model.
We propose, rather than a BBF directly driving groundbased Pi2 pulsations, that the two phenomena are related by a common source capable of generating both a BBF in the CPS as well as ULF waves which are observed in the ionosphere by ground-based magnetometers. In this scenario a common driver in the magnetotail could provide a mechanism which modulates both the Pi2 waveforms observed on the ground and forms the FB structure within a BBF at the same frequency. More importantly, in such a scenario , the Pi2 pulsations on the ground are related to the impact of a ULF wave front which is much more likely to be spatially coherent over an extended radial and azimuthal region (see for instance Mann et al., 2002, and Rae et al., 2005 ) than a BBF, or indeed than the internal FB structure (see above discussion), the latter of which is required in the directly driven model.
A common source in the magnetotail could, for instance, be bursty/non-steady reconnection (Keiling et al., 2006 (Keiling et al., , 2008 In such a scenario, bursty reconnection, potentially driven by an irregular inflow of ions into the NENL reconnection region, could produce both a propagating compressional disturbance as well as a bulk plasma flow burst with similar temporal structure. Each subsequent "burst" of reconnection could in turn generate an additional compressional disturbance and plasma flow. This could result in a periodic structure being observed in both the bulk plasma flow, i.e. FBs, and in a series of travelling compressional disturbances. As the compressional disturbances propagate toward the Earth, they could in turn couple to the background magnetic field creating the Alfvénic Pi2s observed by ground-based magnetometers (cf. the Tamao travel time concept, Tamao, 1964) .
In this scenario the individual BBF FBs and fast-mode wave fronts could have the same temporal spacing, perhaps accounting for the high correlation between ground-based Pi2 waveforms and the series of FBs within a BBF. Moreover the travel time of the BBF and fast-mode is dependent on magnetospheric conditions (plasma density and magnetic field strength), and the fast-mode wave may travel at a faster group velocity than the observed BBF, or vice-versa. At midto high-latitudes, if the fast-mode group velocity is larger than the BBF flow speed in the CPS, it is possible that Pi2s could be observed on the ground before the BBF is observed in the magnetotail. This is consistent with the observation of Pi2 wavepackets observed on the ground ahead of the Geotail BFF during our event. Conversely, if the flow velocity exceeds the fast-mode group velocity, the BBF could be observed prior to the ground Pi2s. This is more consistent with the findings of Kepko and Kivelson (1999) and Kepko et al. (2001) who observed much greater BBF flow speeds than reported here. At low-latitudes (mapping to inside the plasmapause) the increase in density results in a decrease in both the fast-mode and Alfvén velocities, as well as an increase in the travel time from the initial tail source region to the ionosphere (e.g., Uozumi et al., 2000, and Chi et al., 2001 ). Thus at lower-latitudes, mapping close to and inside the plasmapause, it is possible for the ground Pi2s to be observed before, coincident with, or following the observation of the BBF flow in the tail. Figure 8 is a pictorial representation of the two mechanisms described above. The different propagation paths of the modulated signals are depicted in the inset panels (a)-(c) of Fig. 8 . In case (a), the Pi2 is seen on the ground before the BBF FBs arrives at Geotail in the CPS; in case (b) the BBF FBs arrives at Geotail before the Pi2 is seen on the ground; and in case (c) the BBF FBs and the ground Pi2 are seen at the same time.
Typical Alfvén velocities in the inner magnetosphere are between ∼4800 km s −1 outside of the plasmapause (e.g., Burton and Russell, 1970 ) and ∼490 km s −1 inside the plasmapause. Further down the tail, the Alfvén velocity can be much more variable; during the interval of the BBF the estimated Alfvén velocity in the CPS was ∼450 km s −1 (derived from local measurements at the Geotail satellite) whilst the Alfvén velocity in the distant tail and lobes can often exceed 1000 km s −1 (e.g., Burton and Russell, 1970) . These velocities are consistent with the observations as well as the proposed BBF-Pi2 coupling mechanisms presented here. Initially, the fast-mode may have had a group velocity similar to that of the BBF. As the fast-mode propagates toward the Earth the magnetic field strength increases resulting in an increase of the fast-mode velocity. Assuming that the BBF and fast-mode are generated concurrently and that the BBF velocity remains either constant or is decelerated, then at highand mid-latitudes the Pi2 generated from the coupling of the fast-mode with the background magnetic field may be observed before the BBF in the mid-tail. At lower latitudes where the fast-mode and Alfvén velocities decrease, it is possible that the observation of the BBF and Pi2 are more closely coincident in time.
Interestingly, Keiling et al. (2006 Keiling et al. ( , 2008 presented case studies during differing nightside magnetotail driving conditions whereby favourable conjunctions between in-situ spacecraft between 8-18 R E were utilised to study the ground-based and in-situ signatures of Pi2s. In their studies, Keiling et al. (2006 Keiling et al. ( , 2008 found that there was a small time delay observed between the magnetic signature observed at Cluster situated in the nightside magnetosphere (16-18 R E ) and mid-auroral latitude magnetometers (L = 4.5-6.1). That is, the in-situ magnetic signature of the Pi2 was observed ∼30 s prior to that visually identified in the magnetometer time-series on the ground. Further, Keiling et al. (2008) demonstrated that there was, at times, a magnetic perturbation signature with an amplitude of ∼0.5 nT observed by Geotail at 8-9 R E . Taken together, these results were used to propose that a common source for ground-based and insitu Pi2s, specifically transient reconnection, which could account for both the short time delay between the signals as well as the similar frequency content of the Pi2 waveforms. Keiling et al. proposed that bursty reconnection generates a compressional disturbance which couples to the plasma sheet boundary layer generating Pi2 pulsations observed on the ground at mid-and auroral-latitudes. In their case studies, ground-based magnetometers at dipole L-shells between L = 4.5-6.1 map close to the source region in the tail, i.e., close to the reconnection region in the tail.
In this study, we were able to estimate the location of the open-closed separatrix via visual identification of the cutoff in red-line auroral emissions using the CANOPUS GILL meridian scanning photometer (not shown; e.g., Blanchard et al., 1995; Rae et al., 2004) , and find that this boundary resides close, but equatorward, of the FCHU station. The largest time lag (which characterises the shortest time of flight) between the in-situ BBF flow bursts and the Pi2 observed along the Churchill Line on the ground is at PINA, deep within the closed field line region, rather than occurring at a station that maps to the reconnection site as proposed by Keiling et al. (2006) . Furthermore, we observed similar frequency content in the BBF flow burst and groundbased magnetic Pi2s, although unlike Keiling et al. we were unable to identify any definite evidence of in-situ magnetic Pi2 activity at Geotail (at ∼12 R E ). We do however observe small-amplitude magnetic Pi2 activity in the geosynchronous region. The propagation path for the fast-mode ULF wave fronts in the magnetotail may be complex. It is not clear whether they necessarily pass through the central plasmasheet, as in the direct propagation path outlined in a number of phenomenological models, including Tamao (1964) , Kepko and Kivelson (1999) and Keiling et al. (2006) . Future modelling of the wave coupling and dispersion in a 3-D magnetotail model would be valuable for supporting future studies.
While it is clear that the ULF wave propagation path is complex the relative timings along the meridian containing the GILL, ISLL, PINA and LNL magnetometers is similar to that of the Tamao travel path. Along this meridian the largest lag in the correlation analysis is observed at the PINA magnetometer station. At the lower latitude LNL station and higher latitude GILL and ISLL stations the lags are smaller suggesting that the Pi2 is observed first at the PINA magnetometer station. These results are quantitatively consistent with the time-of-flight model proposed by Tamao (1964 , see also Uozumi et al., 2000 , and Chi et al., 2001 ) who demonstrated that the fastest time-of-flight resided just outside of the plasmapause. If the PINA magnetometer station maps close to, but outside of, the plasmapause then we might expect a Pi2 to be observed first at the PINA magnetometer station (or have the largest lag) and subsequently at the other stations along the same meridian. Qualitatively our observations of the correlation of ground-based Pi2 pulsations with the FB structure within a BBF are consistent with the Tamao time-of-flight model as well as the phenomenological model described above. Though the relative time of flights are consistent with the Tamao (1964) travel path, more work is required to fully characterise the propagation path of a ULF wave front in the tail. Future work utilising the THEMIS mission could provide increased radial and azimuthal coverage of the magnetotail in order to better characterise the propagation path of ULF waves in the tail.
Finally, it is important to note that the scenario we have proposed is consistent with both the current disruption (CD) and NENL substorm paradigms. In the CD model, NENL reconnection, perhaps triggered by the arrival of a rarefaction wave, follows the initial expansion phase of the substorm which is driven by plasma instabilities in the near-Earth plasmasheet (e.g., Huba et al., 1977; Lui et al., 1995; Roux et al., 1991) . The formation of the SCW in this CD model begins prior to reconnection at the NENL, and the generation of earthward propagating flows and fast-mode waves. In the NENL substorm model, reconnection initiates the substorm expansion phase. Flows in the magnetotail propagate toward the Earth disrupting the cross-tail current and diverting it into the ionosphere forming the SCW. In this scenario fast-flows in the CPS and the fast-mode launched at reconnection are observed prior to the formation of the SCW. In the CD paradigm, the Pi2s described by our model should be observed following the formation of the SCW and the observation of TR Pi2s. Conversely in the NENL model, the formation of the SCW, observation of TR Pi2s, and the Pi2s generated by the flows or fast-mode waves produced by reconnection should occur nearly simultaneously. This provides a verifiable time-line, during both substorm paradigms, with which to test our proposed model.
Conclusion
We present a night-side conjunction between the Geotail spacecraft and the CARISMA ground-based magnetometers on 31 May 1998 (04:00-08:00 UT), during a localised and small amplitude night-side activation which may be characterised as a small substorm or pseudo-breakup. During the Geotail-CARISMA conjunction, small amplitude Pi2 waves are observed by the CARISMA magnetometers and a highspeed plasma flow is observed at the Geotail satellite, in the form of a BBF. Recent work by Kepko and Kivelson (1999) and Kepko et al. (2001) has shown that there is a high correlation between Pi2 pulsations observed during substorms and the internal FB structure of BBFs. These authors have suggested that the deceleration of FBs, intermittent peaks in flow velocity within a BBF, generates a FAC which drives the Pi2 signatures observed on the ground, referred to as inertial current (IC) Pi2 pulsations. In their proposed model there is a one-to-one correlation between the multiple FBs and Pi2 wavetrain oscillations observed on the ground.
In this event the Geotail flow measurements and nightside Pi2 pulsations showed similar waveforms, with the Geotail measurements delayed relative to the ground Pi2. While the IC Pi2 described by Kepko et al. (2001) could explain the similarities between the Pi2 and BBF waveforms, the observed time delay between ground-based and in-situ observations of Pi2 waves and the BBF suggests the model is not appropriate in this case. We propose that the similarities between the observed BBF and Pi2 waveforms is a consequence of both phenomena being driven by a common source. Following bursts of NENL reconnection fast-mode waves may be excited which propagate Earthward coupling to the background magnetic field and exciting Alfvén waves which are observed on the ground as Pi2 pulsations. Depending on magnetospheric conditions, the ground Pi2 generated by the fast-mode could be observed before the BBF is seen in-situ in the CPS or vice-versa. A common driver could account for the observations presented herein and potentially also for those presented by Kepko and Kivelson (1999) and Kepko et al. (2001) .
It is important to note that this study has concentrated upon the relative timing of magnetotail BBF flow bursts and ground-based Pi2s. More studies utilising multi-point ground and magnetospheric observations are required to fully determine the character of the BBF-Pi2 relation during pseudo-breakups and magnetic substorms, especially to characterise the propagation paths of the ULF wave fronts through the magnetotail and nightside magnetosphere. The THEMIS constellation of satellites, in combination with the GOES spacecraft and related ground-based instrumentation allows for a more extensive study of substorms, BBF's and ULF waves in the magnetosphere during substorm expansion phase onset. Such measurements, using extensive ground observations from both magnetometers and all sky cameras as well as multi-point THEMIS probe observations in the magnetotail (Angelopoulos, 2008) , can be used to further test the validity of the model proposed here.
